Utilizing the strengths of nitrogen doped graphene quantum dot (N-GQD) as a substrate, here in, we have shown that one can stabilize the catalytically more active planar Au20 (P-Au20) compared to the thermodynamically more stable tetrahedral structure (T-Au20) on an N-GQD. Clearly, this simple route avoids the usage of traditional transition metal oxide substrates which have been suggested and used for stabilizing the planar structure for a long time. Considering the experimental success in the synthesis of N-GQDs and in the stabilization of Au nanoparticles on N-doped graphene, we expect our proposed method to stabilize planar structure will be realized experimentally and will be useful for industrial level applications.
Introduction
Stability, ionization potential, electronic, magnetic, optical and catalytic properties of gold clusters depend not only on their size but also on their shape and charge state.
1-4 Stabilizing a particular conformer among the others, to achieve the desired properties, is one of the active fields of research.
3,5-13 When gold clusters are grown on a substrate, the nature of the substrate highly dictates the stability of the conformer, and hence, also its shape. In the past years, a large number of studies have been carried out on several substrates mainly to understand the substrate properties in stabilizing a particular conformer of the gold cluster. Many of these studies have concentrated on stabilizing the catalytically active planar conformer of Au 20 cluster (P-Au 20 ) over the thermodynamically stable tetrahedral conformer (T-Au 20 )
3,5-12 and these studies have used metal oxides substrates, such as, MgO, [5] [6] [7] [8] 10, 12 CaO 3, 11, 12 etc.
In gas phase, tetrahedral conformer is found to be the most stable conformer both by experimental 14, 15 and by several theoretical studies. 2, 9 Same trend in the stability has been found even when Au 20 is on pristine MgO, CaO substrates. 3, [5] [6] [7] [8] [9] [10] [11] [12] Apart from its thermodynamic stability, T-Au 20 also has a larger HOMO-LUMO gap (1.77 eV) compared to its other two-dimensional conformers.
2,9 Thus, it is chemically more stable (or less reactive), and hence, not very useful for catalytic applications. Less reactivity of T-Au 20 compared to P-Au 20 has already been proved during the catalytic conversion of CO to CO 2 in the presence of O 2 on a Mo-doped MgO substrate.
7 Also, theoretical calculations have shown that both the electron accepting and donating capabilities of P-Au 20 are more compared to that of T-Au 20 and such trend has been found to be common for planar clusters.
9 Thus, to utilize the gold clusters in catalytic applications, it is required to stabilize "less stable but catalytically more active" conformers than the "less reactive and thermodynamically more stable" conformers.
Several previous works have shown different ways to stabilize the planar conformer of Au 20 .
3,5-12 Most of these works considered metal-oxides as substrates and the methods used to to tune the morphology of Au 20 include (i) depositing thin metal-oxide films on transition metals 3, [5] [6] [7] (ii) application of external field 8 when depositing bulk metal-oxides on transition metals and (iii) to add external dopants 3,10-12 to bulk metal-oxides without depositing them on transition metals etc. Unlike earlier works, in this study we have considered graphene quantum dots (GQDs), [16] [17] [18] [19] the zero-dimensional analogues of graphene, as substrate. We have considered different possibilities like external doping by substituting the carbon atoms of GQD with nitrogen or boron atoms, increasing the doping concentration, introduction of defects, increasing the number of layers of GQDs etc. to see whether we can stabilize P-Au 20 over T-Au 20 on GQDs. The main reason behind the consideration of GQDs as substrate is mainly to due to a recent report by Li et. al. on the successful preparation and stabilization of Pd nanoparticles (NPs) on top of colloidal GQDs, 20 where their main focus was on the Pd-carbon interaction. The same group (and also several other groups) has also shown the successful synthesis of N-doped GQDs (NGQDs) with precise control over the position of the dopant nitrogen. 21, 22 Though, both experimental and theoretical works exist on the interaction of Au clusters with N-doped graphene (not GQDs), they didn't concentrate on tuning the morphology of Au clusters. In this work, we have shown that, nitrogen doped GQDs can act as alternative substrates to doped metal-oxide substrates in stabilizing the P-Au 20 over T-Au 20 . 
Results and Discussions
In previous works, 5, 6, [8] [9] [10] [11] it has been clearly mentioned that the main reason for the stability of P-Au 20 over T-Au 20 on a doped metal-oxide substrate is due to the greater charge transfer from the substrate to P-Au 20 than to T-Au 20 (and also due to the greater charge accumulation at the cluster-substrate interface). But, these works didn't explain why there is a requirement of an oxide substrate if charge transfer is the sole reason for the stability of P-Au 20 . To address this issue, first we have performed a series of calculations (at B3LYP/LANL2DZ level of theory) on both P and T-Au 20 clusters with different charges (in gas phase) and we find that the planar structure can be stabilized over tetrahedral structure when charge on the system is -2 or more, as shown in figure 1 (see Supporting Information (SI) to know the functional/basis-set dependency). Apart from this, in a previous work, 10 it has been shown that P-Au 20 can be stabilized over T-Au 20 on an Al-doped MgO substrate when substrate transfers ∼ 0.9 e or more to the clusters. Thus, these results suggest that, even though a substrate is not necessary to stabilize P-Au 20 over T-Au 20 , it will help to reduce the required amount of charge transfer in stabilizing P-Au 20 . To further prove the non-necessity of an oxide-substrate in stabilizing the planar conformer, we have considered a single layer graphene quantum dot (GQD) as our substrate and further calculations have been performed (at BLYP+DFT-D3/DZP level of theory).
In Table 1 , we have given the energy difference (E dif f = E T -E P ) between the T-Au 20 and P-Au 20 clusters when they are isolated (i. e. not on any substrate) and when they are on different substrates. Firstly, in accordance with several previous studies, we find that the tetra conformer is more stable (negative value of E T -E P ) than the planar conformer when the clusters are isolated. We find the same trend even when the clusters are on a GQD substrate, although the energy difference (E dif f ) has reduced drastically (by ∼ 3 eV). In fact, we find that this reduced E dif f is due to the larger substrate-cluster interaction (SCI) for the case of P-Au 20 than for T-Au 20 , which in turn is due to the shape Table 1 : Energy difference between P-Au 20 and T-Au 20 when they are isolated and when they are on different substrates along with the energy of substrate cluster interaction (E SCI ) is given for all the systems.
Systems
Energy suggesting that our choice of substrate is correct and further necessary steps have to be taken in order to acquire the required stability of P-Au 20 . Among the several previously implemented techniques, we find doping the substrate with electron rich species 10-12 as one of the simple and successful technique for stabilizing P-Au 20 over T-Au 20 and we have doped our GQD substrates with nitrogen (N) atoms.
Doping GQDs with N atoms can be of several ways, for example, pyridinic, pyrrolic, substitutional [replacing C with N] etc. Experimental studies on gold clusters stabilized on N-doped graphene have shown that 22 (i) substitutional and pyrrolic (pyridinic) doping leads to n-type (p-type) graphene and (ii) dopant nitorgen sites in an n-type graphene serves as electron donors and gold clusters acts as electron acceptors. To verify these results, we have optimized the gold clusters on both substitutionally doped N-GQD and pyridinic N-GQD (pyN-GQD). In agreement with these results, we find a decrease (increase) in the negative "E T -E P " value, compared to that of pristine GQD, when doping is substitutional (pyridinic). As our main aim is to stabilize P-Au 20 , i.e. to attain a positive "E T -E P " value, we have performed all our further calculations only with substitutional doping. We have varied the doping concentration from 0.44 % (i. e. one N atom in 228 C atoms) to 2.63 % (6 N atoms in 228 C atoms) and while doping more than one nitrogen, we have considered the experimental results of N-doped graphene 23 and doped only the carbon atoms belonging to same sub-lattice.
In Table 1 , we have given "E T -E P " values for all the different concentrations considered. Clearly, the most stable conformer of Au 20 on a GQD substrate has changed from tetra to planar for all the nitrogen dopant concentrations greater than ∼ 0.88 % (for the present level of theory) and we find an increase in the stability of P-Au 20 with the increase in the dopant concentrations. This is an interesting result, because it proves the non-necessity of an oxide substrate for stabilizing catalytically active P-Au 20 conformer. Many N-doped GQDs and graphene sheets have been synthesized. [20] [21] [22] [23] So, we checked the robustness of our result against (i) the dopant atoms position (ii) number of GQD layers (iii) exchange-correlation functional. Firstly, for 2.63 % concentration, we find that P-Au 20 is, at least, ∼ 0.26 eV more stable than T-Au 20 , even when all the dopant atoms are in a single zigzag line of a GQD (which is not a favorable way of doping 23 ). Next, as the experimentally produced GQDs generally contain more than one layer, we have also considered bi-layered GQDs. With an increase in the number of layers, we find that the stability of P-Au 20 has further increased for the same number of dopant N-atoms. For example, when substituting with two nitrogen atoms stability of P-Au 20 has increased from ∼ 0.026 eV to ∼ 0.1 eV when moved from monolayer GQD to bi-layer GQD. Similarly, when substituted with six nitrogen atoms, the stability has raised by ∼ 0.3 eV for bi-layer GQD. Finally, we have changed the exchange correlation functional and found that the trend is still maintained, although the amount of gain in the stability is less (see SI). Thus, based on our results and on the available experimental methods for growing N-GQDs as well as gold clusters on N-doped graphene, we conjecture that experimentalists would find a dimensionality cross-over from T-Au 20 to P-Au 20 on N-GQDs. Finally, to know the possible catalytically active sites of Au 20 clusters, when supported on a N-GQD, we have plotted the iso-surfaces of charge transfer between N-GQD and Au 20 clusters as shown in figure 2 . To plot the iso-surfaces of charge transfer, total electron density of the composite system (i.e. N-GQD + Au 20 ) has been subtracted from the total electron density of the substrate and the cluster with the same geometry (i.e. without any further optimization). From these plots, it is clear that, major changes in the charge of the substrate occurred only for the atoms which are below the Au 20 clusters. In the case of clusters, major changes have occurred for the corner atoms than for the atoms which are in the middle. Among T-Au 20 and P-Au 20 clusters, P-Au 20 has large number of corner atoms and more number of atoms directly interacting with the substrate. Also, we notice that the amount of charge accumulated at the substrate cluster interface is more for P-Au 20 than for T-Au 20 . Finally, for T-Au 20 , only those atoms which are directly above the N-GQD substrate have acquired more negative charge compared to the ones in the upper layers. Thus, based on all these results and earlier reports 5, 8, 10 we expect that corner atoms of both the clusters will act as active sites for catalytic applications and between P-Au 20 and T-Au 20 , the former with more active sites should be catalytically more active than T-Au 20 .
Conclusions
In conclusion, motivated by the recent successful synthesis of colloidal GQDs and N-GQDs with precise control over the number of atoms, position of the dopants and their application in stabilizing Pd nanoparticles, we have investigated several possibilities of utilizing these doped/un-doped GQDs to stabilize the catalytically more useful P-Au 20 compared to the thermodynamically more stable T-Au 20 . Both single-layer and bi-layer GQDs, with and without nitrogen dopants, have been considered and we find that binding energy of P-Au 20 towards GQD is more (∼ 3 eV) compared to T-Au 20 and it is much more when the GQDs are doped with nitrogen and is even more when the GQDs are bi-layered. Different concentrations of nitrogen doping have been considered and we find that, P-Au 20 can be stabilized over T-Au 20 , thermodynamically, by ∼ 1 eV when the N-dopant concentration is ∼ 1.3 % (i.e. 1N-atom for every 76-C atoms) in bi-layer GQDs. Also, from charge transfer plots, we find that P-Au 20 has more active sites for catalysis. The main point is that stronger interaction of P-Au 20 with N-GQD compared to T-Au 20 is due to its large contact area with N-GQD substrate and also its ability to accept more electrons. 
Computational Details
Previous studies on the interaction between graphene and transition metal clusters suggests that dispersion forces are important to exactly mimic the interaction between gold and graphene and these studies have also shown that the empirical dispersion correction i. e. DFT-D3 is sufficient to reproduce the results obtained with the best methods (EE+vdW for Au-graphene; EE+vdW, M06-2X and MP2 calcuhide date in latexlations for Au-coronene interactions) described in these works for graphene and gold interaction. 24 We have performed all the calculations using spin-unrestricted density functional theory with Becke-Lee-Yang-Parr (BLYP) GGA exchange-correlation functional, 25, 26 along with Grimme's DFT-D3 dispersion correction, 27 as implemented in the QUICKSTEP module of the CP2K package 28 (unless otherwise mentioned explicitly). We have used the norm-conserving Goedecker-Teter-Hutter (GTH) pseudopotentials, [29] [30] [31] which are optimized in CP2K package to use them along with the BLYP functional. CP2K uses a hybrid Gaussian and plane wave method for the electronic representation. 32 In this work, Kohn-Sham valence orbitals have been expanded using double zeta valence polarized basis sets which are optimized for the GTH psuedopotentials (DZVP-MOLOPT-SR-GTH). Together with the NN50 smoothing method, a 320 Ry density cut-off is used for the auxiliary basis set of plane waves. To avoid any unwanted interaction with the periodic images, we have considered a 38 × 38 × 38Å cubic unit cell along with the poisson 33, 34 solver (to ensure the non existence of wave function after the edges of the simulation box). Geometry optimizations have been performed using BFGS method and systems are optimized till the force on each atom is less than 0.0001 Hartree/Bohr. G09 package 35 has been used to perform all the calculations on isolated gold clusters using different exchange-correlation functionals, namely, PBE, BLYP, B3LYP and M06-2X with LANL2DZ basis set and LANL2 pseudopotentials.
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P-Au 20 becomes more stable than that of T-Au 20 after doping GQD substrate with nitrogen atoms.
Supporting Information
Additional computational details, table containing charges on individual species for all the systems, charge dependency on exchange-correlation functional are given. 
Charge required to observe a dimensionality crossover as a function of exchange-correlation functional
As shown in Figure S1 , the amount of the charge required to obtain the dimensionality crossover depends on the exchange-correlation functional (Exc) used. For BLYP and B3LYP it is between -1 e and -2 e and for PBE and M06-2X it is between -2 and -3 e. Though the amount of charge required varies with Exc, it is clear that, above a particular charge dimensionality crossover will surely occur. Also, as mentioned in the main article, this amount will change when the clusters are kept on a substrate.
5.2
Robustness check for stability of P-Au 20 over T-Au 20 on N-doped GQDs with PBE functional
From our calculations using PBE functional (by keeping all the other parameters like cutoff, box length etc. of the BLYP functional), we find that P-Au 20 is less stable than T-Au 20 on both monolayer and bi-layer GQDs even when six carbon atoms are replaced with nitrogen atoms (though the difference has reduced to as less as ∼ 0.1 eV). But, with tri-layer GQDs, we find that P-Au 20 has more stability than T-Au 20 (by ∼ 0.03 eV) when tri-layer GQDs are doped with six nitrogen atoms. Further calculations with higher concentrations are under progress and will be published else where. Thus, our results are robust against change in the Exc and from these results we conjecture that experimentalists would soon realize P-Au 20 clusters on N-doped few layer GQDs.
Additional Computational Details
It is important to mention that, BLYP calculations, in general, took more time to converge compared to PBE calculations. Also, we find that energy fluctuations are huge at the initial stages (some times even for 200 optimization steps) of geometry optimization using BLYP. Though the suggested remedies like decrease in the energy gap or using FULL-SINGLE-INVERSE were helpful for monolayer studies and bi-layer studies (although they also took huge time), they didn't help for tri-layer studies. Though an increase in plane wave cutoff (i. e. more than 320 Ry) may solve the problem, we couldn't use it because of the issues in the memory (RAM) while running the jobs (on our clusters).
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